Photonic dissipation control for Kerr soliton generation in strongly
  Raman-active media by Gong, Zheng et al.
Photonic reservoir control for Kerr soliton generation
in strongly Raman-active media
Zheng Gong,1 Ming Li,2 Xianwen Liu,1 Yuntao Xu,1 Juanjuan Lu,1
Alexander Bruch,1 Joshua B. Surya,1 Changling Zou,1, 2 and Hong X. Tang1, 3
1Department of Electrical Engineering, Yale University, New Haven, CT 06511, USA
2Department of Optics and Optics Engineering, University of Science and Technology of China, Hefei, Anhui 230026, China
3Corresponding author: hong.tang@yale.edu
Microcavity solitons enable miniaturized coherent frequency comb sources. However, the forma-
tion of microcavity solitons can be disrupted by stimulated Raman scattering (SRS), particularly in
the emerging crystalline microcomb materials with high Raman gain. Here, we propose and imple-
ment dissipation control—tailoring the energy dissipation of selected cavity modes—to purposely
raise/lower the threshold of Raman lasing in a strongly Raman-active lithium niobate microring
resonator, and realize on-demand soliton mode-locking or Raman lasing. Numerical simulations are
carried out to confirm our analyses and agree well with experiment results. Our work demonstrates
an effective approach to address strong SRS for microcavity soliton generation.
Microcavity solitons [1] are miniaturized coherent fre-
quency comb sources that have promising applications
from time-frequency metrology to advanced communi-
cations [2]. However, their formation inside the cavity
can be strongly perturbed by SRS [3, 4] originating from
inelastic scattering of photons by lattice phonon modes
[5]. When the pump field energy is above a threshold
level, Raman lasing is initiated and interferes with the
four-wave mixing (FWM) process [6–9], disrupting soli-
ton formation [3]. This is of particular concern in comb
materials with strong Raman gain such as silicon [6], di-
amond [10], GaP [11], AlN [9, 12], and lithium niobate
(LN) [13]. The latter three are emerging crystalline ma-
terials that hold great potential for on-chip comb self-
referencing [7, 10, 11, 15, 16] due to their simultaneous
χ3 and χ2 optical nonlinearities.
Methods to mitigate SRS include reducing the mi-
croresonator size [3], and orientating field polarization
along the proper crystal axis [18], which serve to reduce
the spectral overlap between soliton-forming modes and
dominating Raman gain. However, these solutions im-
pose limits on device geometry and may affect the ex-
tent of dispersion control. On the other hand, optical
microresonators can also be considered an “open” sys-
tem driven by an external field, while dissipating en-
ergy either through the cavity’s internal losses or by
coupling to external waveguides. Thus SRS could also
be manipulated from the perspective of dissipation con-
trol, through the adjustment of external coupling rates of
the Raman mode with respect to soliton forming cavity
modes. Along this line of thinking, auxiliary microrings
[19], engineered pulley waveguide coupler [20], and scat-
tering centers [19, 21, 22] have been proposed to modify
the loss of cavity modes.
In this Letter, we demonstrate dissipation control in
the photonic domain using a microresonator formed on
thin film LN, a highly Raman-active material, to suppress
Raman lasing and allow soliton comb generation. By ex-
ploiting a self-interference coupling structure, the exter-
nal coupling rates among cavity modes are controlled to
raise the Raman lasing intracavity pump mode threshold
energy above the one needed for a single soliton, thus
securing the soliton state. An analytical model is es-
tablished to estimate and compare the intracavity pump
mode threshold energies of the Raman lasing and Kerr
soliton state. Also, numerical simulations are carried out
to study the cavity dynamics. Both analytical and nu-
merical results are consistent with experimental observa-
tions.
A conceptual representation of dissipation control in a
Raman-active optical microresonator is shown in Fig. 1.
The µ-th soliton-forming mode dissipates energy through
intrinsic loss channels at κi,µ and the external coupling
waveguide at κe,µ. In addition to FWM within the
soliton-forming mode family, strong Raman effect will
also transfer pump mode energy to the Stokes modes
which could lead to Raman lasing, but can be suppressed
by enhancing κe,R. Specifically, we consider the 1
st or-
der lasing threshold of the dominant Raman mode in a
microring [12], defined as the minimum required intra-
cavity pump mode energy to initiate the Raman lasing
and given by (see Supplemental Material [23])
εR,th =
~ωpγRκR
4g2R
[1 + (
2δR
γR
)2] (1)
where γR is the full-width at half-maximum (FWHM) of
the Raman gain, κR = κi,R+κe,R is the total cavity decay
rate of the Stokes mode (µ = R, in Fig. 1), gR denotes the
Raman coupling rate and δR = ΩR−(ωp−ωR) represents
the Raman gain detuning with ωp and ωR denoting pump
and Stokes light angular frequencies. Note that the onset
of the first order Raman lasing will result in a clamped
pump mode energy at εR,th.
Under pure Kerr effect and ignoring dispersion of 3rd
and above, the minimal intracavity pump mode energy
required by a single soliton with an FWHM of γS can be
approximated as [1]
εS,th ' ~ωpD2
4gK
[1 + 2(
κD1
γSD2
)2], (2)
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Figure 1: Bubbles: soliton-forming modes in the optical mi-
croresonator (blue-colored region), numbered with respect to
the pump mode. Red arrowed lines: Kerr nonlinear coupling
with a rate of gk. Blue arrowed lines: 1
st SRS from the pump
mode to the Stokes mode R with a rate of gR and subsequent
anti-SRS at mode −R. [5]. Gray coils: cavity intrinsic dis-
sipation rate (κi,µ). Green coils: cavity-waveguide coupling
rate (κe,µ).
where D1 represents the free spectral range (D1 =
2piFSR), D2 > 0 denotes the 2
nd dispersion, and gK =
(~ω20cn2)/(n20Veff) is the Kerr nonlinear coupling rate
with c, n2, n0, and Veff being the speed of light in vacuum,
nonlinear refractive index, effective refractive index, and
mode volume respectively [1]. In this analytical model, a
single κ = κe + κi is used to describe the total cavity de-
cay rate for all the optical modes, while mode-dependent
coupling rates are included in the numerical model [23].
The leading term in Eq. (2) represents the energy of the
frequency component at ωp of the pulse, and the second
term signifies the energy of the continuous wave (CW)
background.
Raman lasing can be suppressed by raising the Raman
gain detuning δR [3], causing an increase in (
δR
γR
)2 and
threshold. However, adjusting δR alone imposes a lower
limit on the soliton comb repetition rate [2, 3]. On the
other hand, if one manages to increase κe,R by engineer-
ing the cavity’s external coupling configuration, then the
restraint on the ring geometry will be largely relaxed.
To illustrate raising εR,th above εS,th with increased
κe,R, the calculated εR,th/εS,th under different Raman
detunings and external coupling rates are presented in
Fig. 2. Here, we attempt to secure a single soliton, with
a target FWHM of 6.5 THz as an example, in a cav-
ity where Raman gain FWHM is larger than the mi-
croring FSR, with γR/D1 = 1.3, chosen to reflect our
actual device parameters. Both the Raman and Kerr
coefficients are set using corresponding literature values
of LN. To gain insight into the complex dynamics of
the coupled nonlinear processes, only κe,R of the Stokes
mode is varied while κi and κe remain unchanged for
the other modes, and the calculation of εS,th based on
Eq. (2) ignores the variation of κe,R at the Stokes mode
which is far away from the pump mode. The numeri-
cal model presented later incorporates mode-dependent
coupling rates, and the main conclusions drawn from our
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Figure 2: (a) Threshold ratio εR,th/εS,th as the Raman
mode detuning δR/D1 and external coupling ratio κe,R/κi
are varied. The dashed curve seperates the εR,th < εS,th (I)
and εR,th > εS,th (II) regimes. (b-d) Simulated intracavity
spectra for Raman lasing and soliton combs at δR/D1 = 0
and κe,R/κi = 1, 1.5 and 2 marked by asterisks in (a) re-
spectively. Insets show the temporal profiles. For (a-d),
κi/(2pi) = κe/(2pi) = 235 MHz, D2/κi = 8.6 × 10−2. The
soliton self-frequency shifts in (c, d) are 0.9 THz.
simplified model remain valid.
Fig. 2(a) delineates separate regimes for Raman
threshold being lower/higher than the soliton state’s
(I/II). For small external coupling rate at the Stokes
mode (κe,R/κi<α), the Raman lasing threshold is al-
ways lower than that of soliton state, even if the Raman
gain peak is optimally detuned from adjacent soliton-
forming modes (in the middle between two modes). Here,
α= 4g2RεS,th/[~ωpκi(γR +D21/γR)]− 1 is a material- and
device-dependent dimensionless parameter. At increased
Stokes mode external coupling rate (α < κe,R/κi < β =
[1+(D1/γR)
2]α), the Raman lasing threshold can be ele-
vated above the soliton state’s when there is sufficient
detuning between the Raman gain peak and adjacent
modes.
By further increasing κe,R (κe,R/κi>β), the soliton
state is favored over Raman lasing for all possible Raman-
Stokes detunings. Numerical simulations carried out at
several representative locations marked in the parameter
space of Fig. 2(a) suggest that the single soliton state can
be maintained, even when the Raman gain peak overlaps
the Stokes mode. As examples, the simulated intracavity
spectra for εR,th/εS,th = 0.9, 1.1 and 1.3 are presented in
Fig. 2(b-c).
To implement the dissipation control concept described
above, it is critical that the external coupling rate of
the Raman modes can be engineered. For the pur-
pose of tuning the external coupling rates of selected
modes, the photonics community have established ap-
proaches including the use of a pulley waveguide [20,
24, 25] and auxiliary microring [19, 26, 27]. Here we
adopt a self-interference structure (Fig. 3(a)) which of-
fers high dynamic tuning of κe, integrability with local
heater/electrode for fine tuning [28, 29], as well as ex-
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Figure 3: (a) Schematic of a self-interferenced microring.
Purple (pink) shaded line: the inner (outer) arm of the in-
terferometer, with its length denoted as Li(o). (b) False-color
SEM of the U-ring. (c) Schematic illustration of modulated
κe,µ (brown line) to suppress Raman lasing. Cyan peaks:
soliton-forming modes. Red arrow marks the pump mode.
Blue shaded profile: the Raman gain. (d) Cyan line: mea-
sured TE-transmission of (b). Dashed brown line: predicted
κe curve from Eq. (3). Cyan dots: extracted κe,µ from the
measured transmission by fitting the linewidths of the reso-
nances.
tendability for the suppression of multiple Raman lines.
The scanning electron micrograph (SEM) image of our
device is shown in Fig. 3(b), where the external waveg-
uide point-couples twice with the microring (referred to
U-ring hereafter). The net external coupling rate of µ-th
mode κe,µ is given by [23]
κe,µ = 2κ0(1 + cosφµ) (3)
where κ0 is the coupling rate at each of the two identi-
cal microring-waveguide couplers, and φµ =
ω(µ)
c (Lono−
Lini) is the mode-dependent phase difference between the
two arms with Li(o) and ni(o) denoting the length and ef-
fective index of the inner (outer) arm of the µ-th mode.
The schematic in Fig. 3(c) illustrates the modulation of
external coupling rates around the Stokes mode µ= R.
The Stokes mode can be aligned to the peak of κe curve
by using a modulation period larger than the Raman
gain FWHM and selecting proper pump wavelength. In
the experiment, we utilized a fast modulation (Lo≈ 2Li)
to provide higher probability of finding a suitable pump
mode within the EDFA bandwidth.
Our microring resonator is patterned from a z-cut
LN thin film [8, 31] that exhibits anomalous disper-
sion D2/(2pi)≈ 20 MHz and possesses strong Raman
gain gR/gk≈ 1.3× 106 with a linewidth of γR≈ 1.3D1.
Without dissipation control, the SRS is dominant and
leads to 1st order Raman lasing at the mode µ= -
42, corresponding to the dominant E(LO8) Raman
mode [12, 23]. The transmission of the U-ring is
presented in Fig. 3 (d), where the extracted exter-
nal coupling rates are plotted against the values pre-
dicted by Eq. (3) with κ0/(2pi) = 1.1κi/(2pi) = 240 MHz
and a modulation period of 2.02FSR. To estimate εS,th,
we consider a sech2-weighted external coupling rate
κe = [
∑
sech2(µ/N)κe,µ]/[
∑
sech2(µ/N)] which factors
in κe,µ being modulated across the soliton-forming modes
and phenomenologically represents a collective soliton ex-
ternal coupling rate, where N · FSR indicates the band-
width of interest. Under this simplification, εS,th can be
estimated by Eq. (2), 1.2 times higher than the numeri-
cally simulated value considering mode-dependent exter-
nal coupling rates [23].
To suppress Raman lasing in favor of soliton gener-
ation, we chose to pump a TE00 mode at 1554.4 nm
whose Stokes mode sees a high external coupling rate
κe,R = 3.7κ0 as inferred from Fig. 3(d). The estimated
Raman lasing threshold is raised above the targeted soli-
ton state threshold by εR,th/εS,th = 1.1. As expected,
the single soliton comb can be successfully generated in
the experiment by scanning the pump along the red-side
of the resonance [7, 8] until the soliton step shows up
(Fig. 4(b) inset). The recorded output spectrum is shown
in Fig. 4(b), in which each comb line power is modulated
by its external coupling rate, PS,µ ∝ εS,µκe,µ, where εS,µ
is the µ-th mode’s intracavity energy. Assuming that the
intracavity mode energy εS,µ maintains a sech
2-profile,
κe,µ can be separately extracted from the measured spec-
trum (Fig. 4(a)). The numerical simulation shown in
Fig. 4(e) verifies that the single soliton can be obtained
under this configuration. It is notable that, in a time
domain picture, the intracavity soliton couples to the U-
arm and is subsequently fed-back to the microring every
roundtrip, introducing a weak fed-back pulse of less than
1% intensity of the main pulse (inset of Fig. 4(e)). This
time-domain picture is captured in the frequency domain
by the modulated κe,µ (Fig. 4(d)). Here a dip is observed
due to the out-of-phase delay introduced by the chosen
path difference Lono − Lini.
The U-ring switches to Raman lasing, with no solitons
observed, when pumped at 1558 nm (one FSR away from
the previous setting). At this detuning, the Stokes mode
sees a smaller κe,R = 0.4κ0 (Fig. 3(d)). As a result, the
lasing threshold εR,th drops by a factor of 3.6 and leads
to an estimated εR,th/εS,th = 0.3. The recorded Raman
lasing output spectrum is displayed in Fig. 4(c). Only
Stokes Raman optical power is recorded in the power time
trace with no soliton steps observed (Fig. 4(c) inset).
Numerically simulated output spectrum shown in Fig.
4(f) confirms Raman lasing without the formation of the
Kerr soliton.
In conclusion, the use of dissipation control in a
Raman-active microcavity to suppress Raman lasing for
soliton generation was demonstrated. Theoretical anal-
yses and numerical simulations suggest that the compe-
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Figure 4: (a) External coupling rate κe,µ, marked alternately with cyan/green dots, are extracted from the corresponding
cyan/green dotted curve tracing the measured comb line powers in panel (b). The gray line in the background is the predicted
continuous κe curve. The deviation of the extracted external couplings from the theoretically calculated may be ascribed to
local mode-crossings which affects the extraction of κe,µ. (b) The measured and normalized soliton comb output spectrum with
an FSR of ∼ 445.7 GHz, under on-chip pump power of 200 mW. Cyan/green dotted curve: the spectral envelope. Inset: comb
power under red-to-blue pump scan (0.25 GHz/s). (c) The measured and normalized 1st Raman lasing spectrum. Inset: Stokes
light power trace under the same scan for the inset of (b). (d) Cyan/green dots: κe,µ for the simulation, calculated by Eq. 3
with κ0/(2pi) = 240 MHz and c/(Lono − Lini) = 900 GHz. Gray line is the same to (a). (e, f) The simulated and normalized
soliton comb and Raman lasing spectra on the output waveguide. Cyan/green dotted curve: spectral envelope imposed by κe,µ
(cyan/green dots) in (d). Insets: intracavity temporal profiles. The time interval between the soliton and the fed-back pulse is
determined by the path difference, (Lono − Lini)/c= 1.1 ps.
tition between intracavity Raman lasing and soliton for-
mation can be controlled by systematically engineering
the external coupling rates, where the final steady state
relies on which state has lower threshold pump mode en-
ergy. The concept is implemented via a self-interference
coupling structure. By pumping different modes along
the modulation curve, soliton mode-locking and Raman
lasing can be steered on-demand in a single device. This
design concept can be extended to more complex cou-
pling structures to suppress multiple Raman gain lines
or stronger Raman effect [23]. Our work provides guid-
ance to overcome challenges related to the competition
between intracavity Raman lasing and soliton formation
from the perspective of dissipation control, and could in-
spire future studies on regulating intracavity dynamics
while multiple nonlinear processes are present.
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1Photonic reservoir control for Kerr soliton generation
in strongly Raman-active media: supplementary material, Gong et al.
This document provides supplementary information to
the main manuscript titled “Photonic dissipation con-
trol for Kerr soliton generation in strongly Raman-active
media”, including: the derivation of the numerical sim-
ulation model that incorporates both Raman and Kerr
effects, derivation of the intracavity pump energy thresh-
old for the 1st order Raman lasing, the measurement of
gR, the derivation of the net external coupling rates of
the U-ring, experiment setup and process to access soli-
ton state. Prospects are provided in the last section on
further enhancing the system performance via cascaded
self-interference scheme.
I. NUMERICAL MODEL: COUPLED MODE
EQUATIONS OF RAMAN AND KERR
PROCESSES IN A MICRORING
Our simulation treats the Raman scattering as a
second-order nonlinear process between two photonic
modes and one Raman phonon mode, with the interac-
tion Hamiltonian given by
HR =
∑
j,k,l
gijkR
(
a†jakRl + aja
†
kR
†
l
)
, (S1)
where aj,k are the annihilation operator of the photonic
modes, Rl is the annihilation operator of the Raman
phonon mode, gR is the Raman coupling rate. The sub-
scripts j, k, l denote the angular momentum of these op-
erators. Since the nonlinear interaction requires that
the photonic modes are phase-matched with the phonon
modes, we have
gijkR ∝ 0χR
∫ ∫
ux,j (r, z)ux,k (r, z) l0δ (j − k − l) ,
(S2)
where χR is the Raman scattering tensor, u (r, z) is the
mode distribution of the photonic mode. For the fre-
quency range considered here, we treat gijkR as a constant
value gR.
Together with the interaction Hamiltonian of four-
wave mixing, the total Hamiltonian is written as
H = Hsys +HK +HR, (S3)
where
Hsys =
∑
i
ωa,ia
†
iai +
∑
j
ωR,jR
†
jRj , (S4)
HK = gKδ (i+ j − k − l)
∑
ijkl
a†ia
†
jakal, (S5)
where gK is the Kerr nonlinear coupling strength [S1] and
the phase-matching condition is described by the delta
function. Now, introducing the Fourier transform of the
operator ai
Ev = Fv [aµ] = 1√
N
∑
µ
aµe
2ipiµv/N , (S6)
we have
Fv
[∑
k,l
a†kalδ (l − k − µ)
]
=
√
NF [−→a ]†F [−→a ], (S7)
and
Fv
[∑
k,l,n
a†kalanδ (l + n− k − µ)
]
= NF [−→a ]†F [−→a ]F [−→a ].
(S8)
Now the dynamics of the mean fields of both the photonic
modes and the phononic modes can be derived as follows
d
dt
−→a = Ma−→a − gKNF−1{F [−→a ]†F [−→a ]F [−→a ]}
−igR
√
NF−1{F [−→a ]F [−→R]} − igR
√
NF−1{F [−→a ]F [−→R]†}
+EP,
(S9)
d
dt
−→
R = MR
−→
R − igR
√
NF−1 {F [−→a ]†F [−→a ]} , (S10)
where Ma = {χ−N , χ−N+1, ..., χN−1, χN}, χj =
−iδj − κj/2 with δj and κj denoting the detuning
between cold cavity angular frequencies and equidis-
tant D1−spaced angular frequency grid and total de-
cay rate respectively [S1], and similar for MR. EP =
{0, 0, ...,√κe,0Pin/(~ωP), ..., 0, 0} represents the driving
strength under input power of Pin, with only the (N+1)
th
element being non-zero.
Usually, the decay rate of Raman phonons γR is much
larger than the cavity photonic decay rate κj . Thus, it
is reasonable to adiabatically eliminate the photon mode
by setting the time derivative of
−→
R to be zero, then we
get
−→
R = igR
√
NF−1 {F [−→a ]†F [−→a ]} /MR, (S11)
and by doing so, the dynamics of the nonlinear system
can be solved with fast numerical codes.
As a first step, we turn off the Raman effect and with
Kerr effect only to simulate the intracavity field under
the modulated κe,µ to evaluate soliton threshold energy
εS,th and compare it to the result based on the sim-
ple model introduced in the main text using a mode-
independent sech2-weighted external coupling rate κe =
[
∑
sech2(µ/N)κe,µ]/[
∑
sech2(µ/N)]. Specifically, plug-
ging in the same microring parameters used for the esti-
mation of εS,th when pumping our device at ∼ 1554.4 nm
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Figure S1: (a) External coupling rates κe,µ of the soliton
forming modes used for the numerical simulation (Dashed
green/blue line). Gray lines in the background are calcu-
lated from the theoretical continuous κe curve, same to Fig.
4(a) of the main text. (b) Simulated intracavity mode energy
(in log-scale) of the maximally red-detuned soliton state with
Raman gain turned off. Orange curve: sech2-fitting curve,
proportional to sech2(µ/N) with N = 8.3 (γS/(2pi) = 6.5 THz).
Inset shows the temporal profile. (c) Simulated on-chip out-
put optical spectrum of the U-ring. The blue/green dashed
line shows the spectral envelope imposed by the group of κe,µ
(blue/green) in (a).
in the main text, the simulated soliton intracavity mode
energy εS,µ and corresponding microring output opti-
cal spectrum PS,µ are plotted in the Fig. S1. As can
be seen, Fig. S1(b) validates the assumption made in
the main text that the profile of εS,µ still maintains the
sech2-shape. And the simulated εS,th (the total intra-
cavity energy at the pump frequency in the soliton state
near the end of its red-detuning range [S1, S2], shown in
Fig. S1(b)) turns out to be ∼ 4.9 pJ, which is ∼ 1.2 times
less than the estimated value based on the constant exter-
nal coupling rate model ( κe ' 2κ0) to achieve the same
soliton bandwidth. The above comparison indicates the
calculation of εS,th using the collective sech
2-weighted
external coupling rate is a conservative estimation, when
considering how much εR,th should be raised over εS,th
for our device. Compared with the case without dissi-
pation control, i. e. κe/(2pi) = κ0/(2pi) =240 MHz, the
estimated threshold εS,th is approximately doubled.
Next, we simulate the intracavity soliton spectrum
when Raman effect is turned on, with gR/(2pi) =
1.75 MHz set to the measured value of our device. The
profile of εS,µ is found to maintain the sech
2-shape as
well (Fig. S2), which verifies the assumption made in
the main text when extracting κe,µ from the measured
comb optical spectrum. And the intracavity profile used
to extract κe,µ in the main text (Fig. 4(a)) has a similar
bandwidth to that shown in Fig. S2. Note that the sim-
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Figure S2: The simulated intracavity mode energy (in log-
scale) of the soliton state under gR = 1.1 × 107 along with
sech2−fitting (Orange curve). All the other parameters are
identical to those used for the simulation in Fig. S1. Inset
shows the temporal profile.
ulated εS,th (the intracavity energy of the pump mode of
the maximally red-detuned soliton state [S1, S2]) now re-
duces to 4.2 pJ from 4.9 pJ in the above-mentioned pure
Kerr case, which may be casused by the Raman-induced
soliton self-frequency shift where energy transfers from
high-frequency to low-frequency components [S2, S3].
II. THRESHOLD FOR 1st RAMAN LASING
In absence of four wave mixing, the Hamiltonian for
the intracavity 1st Raman scattering from one dominant
phonon mode is given by
H = ωaa†a+ ωbb†b+ ωRR†R+ gR
(
b†R†a+ bRa†
)
+i
√
κe,aεp
(
a†e−iωpt − aeiωpt) ,
(S12)
where a and b are the bosonic operators for the pump and
Stokes modes, R represents the Raman phonon mode. gR
is the nonlinear coupling strength of Raman scattering,
εp =
√
Pin
~ωp is the driving strength. In the rotating frame
of ωpa
†a+ωbb†b+(ωp − ωb)R†R, the cavity field in mode
a can be written as the sum of the mean field α and the
operator a, a = α + a. By neglecting the fluctuation in
mode a, we have
d
dt
α = (−iδa − κa/2)α− igRbR+√κe,aεp, (S13)
d
dt
b = (−κb/2)b− igRαR† +√κbbin, (S14)
d
dt
R = (−iδR − γR/2)R− igRαb† +√γRRin, (S15)
where bin is the input noise due to its coupling with the
environment modes and the same for the phonon mode
R. Transform the differential equations to the frequency
3domain by
o (ω) =
∫
dto (t) eiωt, (S16)
o† (−ω) =
∫
dto† (t) eiωt, (S17)
we obtain
[iω − κb/2] b (ω)− igRαR† (−ω) +√κbbin (ω) = 0,
(S18)
[−i (δR − ω)− γR/2]R (ω)− igRαb† (−ω)
+
√
γRRin (ω) = 0,
(S19)
where
α (ω) =
igR
∫
dteiωtb (t)R (t)−√κe,aεp
−i (δa − ω)− κa/2 δ (ω)
=
igRb ? R (ω)−√κe,aεp
−i (δa − ω)− κa/2 δ (ω)
contains the backaction from modes b and R. The solu-
tion of the equations is
b (ω) = −
√
κbbin (ω) + igRα
√
γRR
†
in(−ω)
α−R
α+b − g
2
R|α|2
α−R
, (S20)
R (ω) = −
√
γRRin (ω) + igRα
√
κbb
†
in,0(−ω)
α−b
α+R − g
2
R|α|2
α−b
, (S21)
where α+b = iω − κb/2 = α−b , α+R = −i (δR − ω) − γR/2,
α−R = i (δR + ω)− γR/2. The convolution term is
a ? b (ω) δ (ω) =
∫
dω′a (ω′) b (ω − ω′) δ (ω)
=
∫
dω′a (ω′) b (−ω′) . (S22)
The power spectrum of the intracavity field of mode b is
derived as
Sb (ω) = 〈b† (ω) b (ω)〉 =
κb〈b†in (ω) bin (ω)〉
|α+b − g
2
R|α|2
α−R
|2
+
g2R|α|2
|α−R |2
κb〈Rin (−ω)R†in (−ω)〉
|α+b − g
2
R|α|2
α−R
|2
=
κb|α−R |2〈b†in (ω) bin (ω)〉
|α+b α−R − g2R|α|2|2
+
g2R|α|2γR〈Rin (−ω)R†in (−ω)〉
|α+b α−R − g2R|α|2|2
=
1
2pi
γRg
2
R|α|2 (nth + 1)
|α+b α−R − g2R|α|2|2
(S23)
where nth is the mean phonon number in the thermal
reservoir of the phonon mode. The Raman threshold
appears at the frequency where Sa (ω) is the largest.
α+b α
−
R − g2R|α|2 → 0 gives
−ω (δR + ω) + κbγR/4 = g2R|α|2, (S24)
ωγR + (δR + ω)κb = 0 , (S25)
Therefore, the lasing frequency relative to the resonant
frequency of the optical mode b is
ωs = − δRκb
γR + κb
,
and the lasing threshold is
|αth|2 = κbγR
4g2R
[
1 +
(2δR)
2
(γR + κb)
2
]
. (S26)
For κR  κb, the threshold reduces to
|αth|2 = κbγR
4g2R
[
1 +
(2δR)
2
γ2R
]
.
which corresponds Eq. (1) in the main text, where
the symbol κb is replaced by κR in the main text
with the subscript R referring to the Stokes mode.
Moreover, the pump field energy will be clamped at
~ωpγRκb[1 + ( 2δRγR )
2]/4g2R once the onset of 1
st Raman
lasing is reached.
III. EXPERIMENTAL ASSESSMENT OF OF gR
In the experiment, we assess the 1st Raman lasing
threshold and gR in a conventional single waveguide cou-
pled LN microring whose dimension is identical to the U-
ring in Fig. 3 of the main text. The SEM of the microring
is shown in Fig. S3(a), and TE-transmission of the mi-
coring is partly presented in Fig. S3(b). Fig. S3(c) plots
the maximum 1st Stokes power under gradually increased
pump power swept across the TE00 mode at 1554.4,nm.
The threshold of the 1st Raman is found to be ∼ 4 mW.
As an example, a normalized Raman lasing spectrum
is shown in Fig. S3(d) under ∼ 20 mW on-chip input
power which exhibits a Raman shift of 625 cm−1, indi-
cating the Stokes field almost overlaps with the E(LO8)
Raman gain center (δR ≈ 0) [S4]. A zoom-in view of the
pump resonance is presented in the inset of Fig. S3(c)
with the external and intrinsic coupling rates extracted
to be κe/(2pi) = 280 MHz and κi/(2pi) = 220 MHz re-
spectively. gR then can be calculated from the measured
Raman lasing threshold based on Eq. 1 in the main text,
which is estimated to be 1.1×107 rad assuming the Stokes
mode have similar κe and κi as the pump mode under this
single-straight-waveguide coupling configuration.
For this device (Fig. S3(a)), without reservoir en-
gineering implemented, the Raman lasing threshold
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Figure S3: (a) False-color scanning electron micrograph
(SEM) of a single waveguide couled LN microring. (b) TE
transmission of the microring. (c) On-chip Stokes light power
versus on-chip pump power. Inset: zoom-in view of the TE00
pump resonance. (d) An optical spectrum of the Raman las-
ing under an on-chip input power of ∼ 20 mW.
P
o
w
er
 (
d
B
)
0
-20
-40
-60
1400               1500               1600               1700               1800
Wavelength (nm)
Figure S4: An optical spectrum of Raman lasing from the LN
microring shown in Fig. S3(a), which dominants the cavity
dynamics.
εR,th is 2.2 times lower than that of reservoir engi-
neered device shown in the main text. Our analytical
calculation shows (εR,th − εS,th)/εS,th = −0.1 assuming
κe/(2pi) = 280 MHz and κi/(2pi) = 220 MHz for all
modes of interest. And indeed, Raman lasing (Fig.
S4) is found to be dominant and no soliton combs are
observed in the experiment, consistent with our analysis.
IV. NET EXTERNAL COUPLING RATE OF
THE U-RING
The schematics of the U-ring is depicted in Fig. S5.
And the optical fields within different sections of the
Figure S5: Schematics of the U-ring. E1 (E3) refers to the
input (output) optical field, and E2 (E4) is the intracavity
field immediately before (after) the lower (upper) microring-
waveguide coupler. ai(o) and φo(o) are the optical field am-
plitude transmittance and linear phase accumulation, respec-
tively, along the inner-arm/half-ring (outer arm/U-shaped-
arm) between the two microring-waveguide coupling points.
waveguides are related to each other by[
E3
E4
]
=
[
r it
it r
] [
aoe
iφo 0
0 aie
iφi
] [
r it
it r
] [
E1
E2
]
(S27)
E2 = aie
iφiE4 (S28)
where r and t represent the optical field self- and cross-
coupling coefficients, respectively, of the two identical
microring-waveguide couplers and satisfy r2 + t2 = 1 [S5]
neglecting parametric loss. The value of r relates to the
single waveguide external coupling rate κ0 as r
2 = e−κ0tR
with tR denoting the microring roundtrip time, and sim-
ilarly the transmittance in the inner reference arm (ai)
follows a2i = e
−κitR/2. Assuming ao ≈ ai ≈ 1 and
t2  r2 ≈ 1− κ0tR, then the overall transmission in
a resonance can be derived as∣∣∣∣E3E1
∣∣∣∣2 = ∣∣∣∣2κ0(1 + cos∆φµ)− κi2κ0(1 + cos∆φµ) + κi
∣∣∣∣2 (S29)
with the ∆φµ = φi−φo representing the phase difference
between the inner arm (half-ring) and the outer arm (U-
shaped arm) for the cavity mode µ. Thus, the net exter-
nal coupling rate follows
κe,µ = 2κ0(1 + cos∆φµ) (S30)
which corresponds to Eq. 3 in the main text.
Experiment setup for accessing soliton state
The experiment setup is schematically shown in Fig.
S6. The output wavelength λc of the external cavity laser
(ECL) can be programmatically scanned across micror-
ing resonances. An erbium-doped fiber amplifier (EDFA)
is used to amplify the ECL’s output to pump the U-ring,
and a fiber polarization controller (FPC) is employed to
adjust the polarization state of the pump field before
coupled into the chip. Subsequently, the output of the
chip is recorded and analyzed with direct photodetec-
tion (PD1), an optical spectrum analyzer (OSA) and a
photodetector (PD2) followed by an electrical spectrum
5Figure S6: Schematics of the experiment setup. ECL, ex-
ternal cavity laser; FPC, fiber polarization controller; EDFA,
erbium-doped fiber amplifier; FBG, fiber Brag gating; PD,
photodetector; ESA, electrical spectrum analyzer; OSA, opti-
cal spectrum analyzer; PC, personal computer, which is used
to control the laser scanning as well as to record the trans-
mission and comb power. Optical fibers and electrical cables
are presented by solid cyan lines and dashed gray lines respec-
tively.
analyzer (ESA), respectively. To monitor comb power, a
fiber Bragg grating (FBG) is used to suppress the pump
component of the comb before the photodetector PD2.
To characterize the dispersion of the U-ring resonator
used for the experiment (Fig. 3 of the main text), we
measure the integrated dispersion [S6] around the pump
mode at 1554.4 nm. By fitting the experiment data, the
second order dispersion is extracted to be D2/(2pi) ≈
20 MHz. To access the soliton state in the case where the
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Figure S7: (a) The measured (red dots) integrated disper-
sion of the device with parabola-fitting curve (blue line). (b)
Comb power trace under relatively slow red-to-blue laser scan
(83 MHz/s). (c) Relative intensity noise spectra of MI comb
state (red), soliton comb (green) and the detector background
(black). Inset: one example of comb power trace under red-to-
blue laser scan (62.5 GHz/s). (d) Overlaid comb power traces
for εS,th < εR,th (left) and εS,th > εR,th (right) under pump
scans at 1 GHz/µs. Color bar scales with the pixel counts. In-
sets: single shots of soliton step generation and Raman lasing
under laser scan.
pump mode is selected such that εS,th < εR,th, we scan
the pump into the resonance from the red-detuned regime
until spontaneous soliton mode-locking occurs under the
LN’s photorefractive effect [S7, S8]. For example, when
we scan the pump toward the resonance from its red-
side at a speed of 83 MHz/s, the cavity dynamics spon-
taneously evolves into a single soliton state through the
self-start of mode-locking process induced by photore-
fractive effect [S7], as manifested in the measured comb
power trace shown in Fig. S7(b). Then, by stopping the
laser scan, soliton comb can be steadily obtained. When
the pump is scanned at faster speed (e. g. 62.5 GHz/s)
across the resonance from red to blue, the comb power
trace exhibits more chaotic dynamics (Fig. S7(c) inset)
under the photorefractive effect [S7] with soliton steps
revealed amid other noisy comb states. The relative in-
tensity noise spectra of a MI comb, a soliton comb and
detector background are presented in Fig. S7(c) for com-
parison, indicating the low noise feature of the soliton
state.
Lastly we experimentally investigate the soliton gener-
ation statistics in the U-ring when pumped at different
resonances, by counting the occurrence of soliton steps
over multiple laser scans. To facilitate the process, we use
an external single-side-band modulator [S9, S10] to sweep
the pump wavelength across the resonances periodically
and record the comb power traces simultaneously. When
the pump is scanned across the mode at 1554.4 nm for
which the Raman threshold is lifted ( εS,th < εR,th), we
obtain a ∼ 50% success rate of launching a single soliton
state as indicated from the overlaid comb power traces
shown in the left plot of Fig. S7(d). However, when we
scan across the resonance at 1558 nm where εS,th > εR,th,
no soliton steps are observed other than the Raman lasing
signals. The statistics reveals a from-0%-to-50% change
in the soliton generation success rate as εS,th is made
smaller than εR,th, confirming the effectiveness of dissi-
pation control in suppressing Raman effects for soliton
generation. We attribute the non-unity success rate, in
part, to the fact that there may be finite “no-soliton-
steps” probability even in the Kerr effect dominated sce-
nario [S10, S11].
V. CASCADED INTERFERENCE COUPLERS
It is possible to further enhance our system’s ability to
suppress stronger Raman effect if desired. For example,
a series of U-arms can be cascaded along the microring,
as schematically depicted in Fig. S8(a), in an effort to
enlarge the ratio of (εR,th−εS,th)/εS,th. When there are 4
U-arms cascaded, the system’s net coupling rate becomes
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Figure S8: (a) The scheme of cascaded self-interferencing on
the same LN microring as that in Fig. 3 of the main text.
∆φi refers to the phase-delay difference of the i
th interferom-
eter. Yellow shaded area outlines one of the cascaded inter-
ferometers. (b) The calculated κe,µ/κe (cyan) of the 4-arm
cascaded configureation, with a normalized sech2−shaped in-
tracavity soliton energy envelop with a FWHM of 6.5 THz
as an example (red, in log-scale). Here, the external cou-
pling rate at each microring-waveguide coupling point is set
as κ0/(2pi) = 100 MHz such that the sech
2−weighted κe/(2pi)
remains the same (480 MHz) to the one in the experiment. (b)
The asterisk marks the Stokes mode (µ = −42) that overlaps
with the Raman center and also sees the peak value of κe,µ.
µ = 0 is the pump mode.
(assuming κ0tR  1)
κe,µ = κ0(5 + 2
4∑
i=1
cos∆φi,µ + 2
3∑
i=1
cos(∆φi,µ + ∆φi+1,µ)
+2
2∑
i=1
cos(∆φi,µ + ∆φi+1,µ + ∆φi+2,µ)
+2
1∑
i=1
cos(∆φi,µ + ∆φi+1,µ + ∆φi+2,µ + ∆φi+3,µ))
(S31)
and is plotted in Fig. S8(b) at each soliton-forming mode,
where ∆φi,µ = ωµ∆Li/c, with ωµ, ∆Li = L
i
on
i
o − Liinii
and c denoting the µth microring resonance angular fre-
quency, optical path length difference of the ith interfer-
ometer and speed of light in vacuum respectively. Here,
the arm length ∆Li is set as ∆L1 = ∆L2/2 = ∆L3/2 =
∆L4/4 = c/(21FSR). For simplicity, ∆Li is assumed
to be invariant over the frequency range of interest. As
can been seen from Fig. S8(b), this cascaded modula-
tion of κe,µ features reduced duty-cycle, imposes stronger
κe,R at the Stokes mode while keeping much lower κe,µ
for the rest of soliton-forming modes and gives rise to
an enhanced dynamic range in controlling external cou-
pling rates i.e. κe,R/κe (κe is the sech
2−weighted exter-
nal coupling rate). Applying this modulation scheme to
the same microring in Fig. 3 of the main text, greater
value of (εR,th−εS,th)/εS,th = 1.6 can be achieved, which
is a 16-time improvement, based on the estimation us-
ing weighted κe to generate a soliton with the same tar-
get FWHM. In other words, this 4-cascade modulation
scheme, if realized, can compensate stronger Raman cou-
pling rate up to 1.6gR for such soliton generation.
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Figure S9: Calculated κe,µ/κe (cyan curve) of a 2
U-arm-cascaded LN microring along with a normalized
sech2−shaped intracavity soliton energy envelop with a
FWHM of 6.5 THz as an example (red, in log-scale). Here,
the external coupling rate at each microring-waveguide cou-
pling point is set as κ0/(2pi) = 160 MHz such that the
sech2−weighted κe/(2pi) remains the same (480 MHz) to the
one in the experiment. Asterisks mark the Stokes modes at
µ ≈ -24 and -6 that overlap with the Raman gain centers of
E(LO8), E(TO1) Raman-active phonons in LN [S4]. µ = 0 is
the pump mode.
Additionally, in case of multiple dominant Raman gain
centers overlapping with the soliton forming modes, we
may also be able to take advantage of the periodic modu-
lation of κe,µ based on the self-interference structures to
suppress them all. For example, we consider the case of a
LN microring with a FSR = 775 GHz whose soliton form-
ing modes overlap with two Raman gain centers at µ ≈ -
24 and -6, as shown in Fig. S9, where one Raman gain
center is much closer to the pump mode than the other
and both of them are assumed to be the dominant in this
microring. To impose higher κe,µ at the affected modes,
we can cascade 2-interferometer along this microring and
set the modulation period close to a common divisor of
the target two Raman phonon frequencies, which trans-
lates to the lengths of the two arms to be designed as
∆L1 = ∆L2 = c/(6FSR) as an example for this case.
By doing so, we can align both the affected soliton form-
ing modes to the peak of κe,µ curve to suppress Raman
lasings.
In certain applications, a smooth soliton power spec-
trum is desired. This can be achieved by introducing
a drop-port to the U-ring to sample a smoother soliton
spectrum. The schematics and simulated output spec-
trum are presented in Fig. S10. Note the external cou-
pling rates become κe,µ =2κ0(1 + cos∆φµ) + κaux, where
is κaux the coupling rate of the added waveguide.
Based on above discussion, we believe our dissipation
control capacity can be further extended with more com-
plex interferometers and design of arm lengths to com-
pensate for multiple strong Raman gains. And our work
will also inspire and provide guidance for other forms
of dissipation control, not only confined with the self-
interference scheme in our case.
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Figure S10: (a) Scheme for drop-port extraction of the U-
ring’s output via an auxiliary point-coupled waveguide. (b)
The simulated output spectrum. The spectrum exhibits the
predicted sech2-shaped profile from a soliton. The device
parameters are the same as those used in Fig. S1, and the
auxiliary waveguide has a coupling rate of κaux = 50 MHz as
an example.
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